INTRODUCTION
Organic optoelectronic materials have been in the spotlight of energy research for decades. [1] [2] [3] [4] [5] [6] These include the study of natural photosynthetic systems composed of proteins and relevant pigments 7, 8 as well as artificial devices involving hierarchically self-assembled molecular aggregates. 9 While the photophysical properties of these materials are delicately dependent on the microscopic packing conditions, structure-determination methods such as X-ray diffraction and cryogenic electron microscopy are often inaccessible despite long-range order suggested by optical measurements. As such, indirect methods combining spectroscopy and numerical simulations are generally required to retrieve microscopic structural information and ultimately understand structure-function relationships. 4, [10] [11] [12] [13] On the other hand, there are two major challenges that hinder rapid development in such collaborative effort: first, in order to know what structural model to build, we must develop a clear physical intuition connecting microscopic configurations with the photophysics of excitons. Second, in order to rapidly characterize the structural parameters of a given sample, we need to establish spectroscopic signatures that provide unambiguous constraints on structural models. While these challenges have been the subject of numerous recent papers, 4,6,14- 23 Kasha's early work on molecular spectroscopy remains the standard for much of the field. 24 , 25 Here, we
The Bigger Picture Excitonic organic systems are promising materials for low-cost photovoltaics, owing to their tunable absorption profiles arising from intricate interactions among constituent molecules. Unfortunately, such tunability often prohibits structural determination tools, such as X-ray diffraction or cryo-EM, and hinders the assessment of material properties and the development of design principles.
To address this challenge, we provide a conceptual framework unraveling the link between temperature-dependent absorption peak shift and microscopic structures, generalizing the seminal work of Kasha that defines J/Haggregates with the packing conditions. We recognize the dominant role of short-range structures in determining the temperature-dependent shift. This quantitatively accounts for previously unexplained experimental observations and reveals insights into structurespectroscopic property relationships. extend Kasha's theory to generic low-dimensional excitonic systems and demonstrate that temperature (T)-dependent absorption spectroscopy is a powerful discriminator for different microscopic structures and packing conditions. As mentioned, Kasha's theory was originally developed to explain the significantly redshifted absorption peaks in molecular aggregates, observed for cyanine dyes aggregated in solution compared to monomers by Jelly 26 and Scheibe. 27 By modeling them as dimers or linear chains of molecules interacting through dipolar excitonic couplings, Kasha's theory associates the angle between the transition dipoles and the chain axis directly with the monomer-aggregate absorption peak shift: (1) a redshifted peak corresponds to a head-to-tail configuration, which gives rise to negative excitonic couplings among the dyes, a J-aggregate; and (2) a blueshifted peak corresponds to a side-by-side configuration that leads to positive excitonic couplings, an H-aggregate. This classification of J-and H-aggregates, while providing an ideal example of the physical insights needed to associate microscopic structures with optical measurement, is less useful at inferring the packing conditions for more complicated superstructures that are ubiquitously observed. 6, 21, 22, [28] [29] [30] [31] [32] For example, it is found that in the 5,5 0 ,6,6 0 -tetrachlorobenzimidacarbocyanine dyes of various hydrophilic and hydrophobic side chain lengths, the superstructure varies from linear (1D) to planar (2D), tubular (quasi-1D), or even bundles of tubes (ribbons). 9 For nonlinear superstructures, the incommensurability between the anisotropy of transition dipoles and their local 2D geometry forbids a direct assignment of specific geometric parameters from the monomer-aggregate peak shift. [33] [34] [35] [36] [37] [38] [39] [40] In this contribution, we propose a generalized framework extending Kasha's theory for 1D systems to 2D systems for extracting key microscopic packing parameters. This is possible using T-dependent linear spectroscopy and taking into account the direction of the absorption peak shift with increasing temperature, which is easily available experimentally owing to the establishment of sucrose encapsulation methods. 41, 42 Using standard line shape theory, we show that in 2D models the Tdependent peak shift reveals additional information about its excitonic density of states (DoS) in the vicinity of the bright state, leading to the existence of blueshifting J-aggregates (BJ-aggregates) and redshifting H-aggregates (RH-aggregates) as previously observed experimentally but not explained. 29, 43 This is in contrast to 1D models where the absorption peaks of J-aggregates always redshift upon increasing temperature, while the opposite is true for H-aggregates. The direction of the T-dependent peak shift, a result of exciton-phonon interactions, is associated with the sign of the total short-range couplings by separately considering the shortand long-range coupling contributions to the excitonic DoS. Specifically, we show that an aggregate with a redshifting absorption peak upon increasing temperature corresponds to one with a net negative short-range coupling. In addition, we show that the long-range coupling is completely determined by a single parameter, the zenith angle of the transition dipole moment with respect to the plane of aggregation. The combination of these principles provides a wealth of unambiguous information on the packing conditions and paves the way to comprehensively understand the structure-function relationships in these systems.
RESULTS AND DISCUSSION

Generalizing Kasha's Model from 1D to 2D Linear 1D Systems Follow Conventional Kasha's Theory
The preparatory knowledge of the spectral line shape theory is presented in the Experimental Procedures section. In particular, the T-dependent absorption peak shift is given by Equation 5 . We are now in a position to investigate how different microscopic packing conditions lead to different features in the excitonic DoS and therefore the T-dependent peak shift. For linear 1D systems, shown in Figure 1A , a particular configuration can be defined by slip parameter s, an offset in the direction of the molecular long axis between nearest neighbors. The angle between the molecular long axis and the direction of aggregation is a = 90 + À arctanðs =a 2 Þ, and x 0 = a 2 csca is the lattice spacing. Figure 1B shows typical 1D J-and H-aggregates with their corresponding DoS.
In Figure 1C , we present the dependences of both the monomer-aggregate peak shift, E b À E 0 in Equation 2, and the T-dependent peak shift, Equation 5, on the slip parameter s. The former (upper panel) follows Kasha's model, where the monomer-aggregate shift for 1D aggregates can be written as E b ðaÞ À E 0 = 2J nn ðaÞxð3Þ, where J nn ðaÞ = Cm 2 0 ð1 À3cos 2 aÞ=x 3 0 is the nearest-neighbor coupling strength and xð3Þz1:202 is the Riemann zeta function. m 0 is the magnitude of the transition dipole in Debye and C is the unit conversion factor. Given the simple dipole form of the excitonic interactions, the excitonic shift is positive (H-aggregates) for smaller s and negative (J-aggregates) for larger ones. The transition occurs at a = q m = arccosð1 = ffiffiffi 3 p Þz54:7 + , the magic angle defined in the context of spectroscopies. . We use an Ohmic spectral density J b ðuÞ = pl u uc e Àu=uc , with reorganization energy l = 1,000 and cutoff frequency u c = 1,000 in wavenumber.
We find that 1D J-aggregates that are redshifted compared to the monomers undergo an additional redshift upon increasing temperature (S(E b ) < 0), while the opposite is true for 1D H-aggregates (S(E b ) > 0). This is also reflected in Equation 6 that all terms in the summation are of the same sign: they are all negative for J-aggregates and all positive for H-aggregates. In other words, the T-dependent peak shift fully correlates with the monomer-aggregate excitonic shift in 1D aggregates and does not provide additional qualitative information with regard to the microscopic packing conditions. Thus, Kasha's original framework suffices to describe both spectroscopic signatures. We shall see how this simple picture is changed in generic 2D systems.
Planar 2D Geometry Supports Novel T-Dependent Properties
By directly extending the corresponding 1D systems to the 2D plane with various slip parameters under the close-packing condition, one can define 2D aggregates as shown in Figure 2A . A defining feature of excitonic 2D systems is the coexistence (C) The two-panel configurational space diagram for the 2D aggregates in question. All the conventions follow those in Figure 1C . In all of the aggregates, we adopt the same molecular dimension ða 1 ; a 2 Þ = ð20; 4Þ and set the zenith angle to be q = 70 + .
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Chem 5, 1-16, December 12, 2019 of positive and negative excitonic couplings. 6, 22, 30, 49 This is with the exception of the case where all transition dipoles point out of the plane of aggregation such that all couplings are positive, 50, 51 i.e., a ''perfect'' H-aggregate. The DoS and the bright state locations corresponding to the lattices shown are presented in the bottom row of Figure 2B . In the left column, we have an H-aggregate (s = 2) while the other two columns to the right (s = 5,10) are J-aggregates.
The T-dependent peak shift and the excitonic peak shift no longer follow the same trend, in stark contrast to the 1D systems, as shown in Figure 2C . Notice that the small s regions of Figures 1C and 2C are rather similar due to the large aspect ratio a 1 =a 2 and the close-packing condition assumed, where the couplings in the horizontal direction (shown in thick frames in Figure 2B ) dominate in determining the DoS. However, a novel regime appears at s>9:2 , where J-aggregates exist that blueshift upon increasing temperature. J-aggregates with this peculiar property have been reported experimentally but not explained. 29, 43 In accordance with our analysis above, the existence of a BJ-aggregate results from larger DoS to the lower energy side of the bright state and a positive slope of the DoS at the bright state. Both of these traits can be seen in the bottom right of Figure 2B .
In addition to the novel BJ-aggregates, it is possible for an RH-aggregate to exist as well. We show this by further exploring the configurational space under the current scheme of close-packing rectangles with two structural parameters: the slip s and the zenith angle q, as shown in Figure 3 . In Figure 3A , the in-plane component of the transition dipoles is again set to be parallel to the long axes of the molecules as in most cyanine dyes, while in Figure 3B , the dipoles are parallel to the short axes, exemplified by oligoacenes. Here, all four types of aggregates are recorded: RJ-, BJ-, RH-, and BH-aggregates. In the shorthand notation introduced above, we find ðE b ÀE 0 Þ,SðE b Þ<0 for certain 2D systems that are absent in 1D. The general trend of monomer-aggregate shift (J or H) along the vertical axis is physically intuitive: the larger the out-of-plane component (small q), the larger the blueshift. With increasing q and closer to the magic angle ( Figure 3 , dashed horizontal line), however, the dependence on the slip parameter becomes more significant. Also, we find that the two unconventional types, BJ-and RH-aggregates, split perfectly to either side of the magic angle (q m ). Specifically, BJ-aggregates exist only for q > q m and RH-aggregates exist only for q < q m . While the specific distributions of the J-or H-character and the B-or R-character depend sensitively on both the shape of the molecule and the nature of its transition dipole density, we also find the points of transition between these different characters with the variations of s and q to constitute smooth and continuous lines in the diagrams.
From Spectroscopy to Microscopic Structures T-Dependent Peak Shifts Correlate with Short-Range Structures
We emphasize that the lack of perfect correlation between the monomer-aggregate and the T-dependent peak shifts in 2D, observed in Figures 2 and 3 , is a direct result of the incommensurability between the anisotropic dipolar coupling and the planar geometry. This ultimately leads to J-aggregates with finite DoS below the bright states and H-aggregates with finite DoS above the bright states. To understand how this is reflected in the microscopic structure of the system, we need to closely examine the dispersion of the exciton energies, especially of its scaling properties near the bright state k,a ( 1, where a is a measure of lattice constant. This is achieved by separating the contribution of short-range interactions from that of the long-range ones, where the latter can be treated using continuum approximation.
In obtaining the long-range continuum result E ðlÞ k ! , we treat the couplings as those between a test dipole at the origin and an evenly distributed transition dipole density r 0 = m 0 =A, where A = a 1 a 2 is the area of the molecule occupied in the 2D plane. Similarly, taking k/0, we recover the corresponding expression for the bright state energy:
We set a cutoff radius r c comparable to the dimension of the molecule and an in-plane component parallel to the x axis. In practice, the choice of the cutoff radius r c depends on the nature of the excitonic coupling, as will be discussed in the next section. Shown as the solid lines in Figure 3 are the solutions to the equation E ðsÞ b ðs; qÞ = 0. Apart from the deviations at large jq À q m j, Equation 11 correlates quantitatively with the T-dependent peak shift, Equation 5 . This not only corroborates the connection between the T-dependent peak shift and the short-range structures but also serves as a quick assessment without involving line shape calculations. It is also worth mentioning that the red (blue) regions below (above) the dashed lines in Figure 3 are conventional RJ-(BH-) aggregates with short-and long-range couplings of opposite signs. They are related to a class of excitonic materials noted as HJ-or JH-aggregates, discussed in more detailed in The Nature of Short-Range Structures. 6, 30 Since the long-range contribution E ðlÞ b does not depend on the lattice parameter s owing to its continuum nature, it is obvious that the s dependence of T-dependent peak shift is inherited from the short-range part. However, this argument does not apply to the dependence on q. To further appreciate the connection between short-range structures and novel T-dependent spectroscopic properties, we have to examine the long-range contribution more closely. As demonstrated in the Supplemental Information, only the two conventional aggregates exist for the 2D continuum model with dipole interactions: RJ-aggregates (q m %q%p=2) and BH-aggregates (0%q<q m ), a situation identical to Kasha's 1D model discussed in the previous section. Thus, we conclude that the nontrivial dependence of T-dependent peak shift on (s, q) in the 2D configurational diagrams is indeed due to the short-range structures.
Spectroscopic Classification Scheme of Microscopic Configurations
We proceed to synthesize our understanding of the monomer-aggregate peak shift and T-dependent peak shift and provide a full account of the configurational space ). Firstly, both contributions are of the same sign, which accounts for the case of the RJ-(BH-) aggregate for q > q m (q < q m ). Secondly, RJ-(BH-) aggregates could also exist when the two contributions are of opposite signs. To be specific, this happens when the dominant contribution to the excitonic shift is the short-range part. For example, an RJ-aggregate with q < q m could result from a lattice structure and transition charge density distribution, supporting strongly negative short-range coupling while maintaining positive longrange coupling. On the one hand, it is a J-aggregate because of the net negative coupling combining the two contributions. On the other hand, it is redshifting due to the short-range contribution being negative. The same argument applies to BH-aggregates with q > q m .
As for the two unconventional types, the BJ-and RH-aggregates, the situation is reversed. While it is clear that the short-and long-range parts of excitonic coupling are of different signs, the latter is the dominant contribution. However, as the T-dependent peak shift is dictated by the short-range couplings, this leads to the novel T-dependent properties and the strict separation between the BJ-and the RH-aggregate regions in configurational space by the line q = q m . The latter strongly supports our framework based on the separation of excitonic couplings into the two parts. We enumerate all possible situations in Table 1 .
We note that the long-range couplings are qualitatively determined by a single parameter: the zenith angle q of the transition dipole moment assuming constant density. This parameter can be assessed robustly by the chemical constitution of the monomers. For example, for the most studied family of excitonic molecular aggregates, amphiphilic cyanine dyes, 9 the hydrophilic and the hydrophobic functional groups are at the sides of the conjugated backbone. This unambiguously defines the plane of aggregation, accommodating a fully in-plane transition dipole moment, i.e., q = 90 + . Other techniques providing access to the value of q are exemplified by polarization-resolved spectroscopy of Langmuir-Blodgett films 28, 29, 36 and near-field scanning optical microscopy of pseudoisocyanine (PIC) aggregates. 52 With this information, one can deduce the dominance of either the positive or the negative short-range couplings and narrow down the possible in-plane packing structures of the chromophores.
It has been shown that an RJ-aggregate could in principle possess finite DoS below its bright state, leading to sizable low-T line width from the spontaneous phonon contribution (W 0 in Equation 4). 18 Accounting for this additional observable, one can define two subclasses of RJ-aggregates and further generalize the classification scheme, see Supplemental Information for details. Figures S1 and S2 are presented in the same conventions as in Figures 3 and 2C , respectively, with W 0 as an additional variable. We note that a recent analysis on monolayer Perylenetetracarboxylic 13 This observation is a sign of such finite DoS below the bright state and warrants further investigation taking advantage of the current framework.
Finally, we note that the limited configurational space volumes occupied by BJ-and RH-aggregates in Figure 3 are likely due to the simple dipole approximation assumed. In our experience, going beyond the dipole approximation often leads to more significant configurational space volumes for the two unconventional aggregates, as exemplified by the example detailed in the following section.
The Nature of Short-Range Structures In the above sections, we have associated a spectroscopic observable, the T-dependent absorption peak shift, directly to the short-range structures of the excitonic materials in question. In the current contribution, we focus our discussion on excitonic interactions of dipole origin, i.e., Frenkel excitons. 1 Therefore, the said short-range structure is due to the discrete nature of the lattice that is not captured by the longrange, continuum approximation employed in Equation 9 . In a sense, this coexistence of the short and the long-range couplings makes dipolar interaction a more challenging case. In contrast, there are other non-dipolar sources of short-range interactions that permit straightforward considerations.
Two such possibilities that have been discussed by Spano et al. are (1) charge-transfer mediated 6, 22 and (2) bond mediated. 30 In both of these cases, the non-dipolar contributions are by construction short-range and can be seamlessly integrated into our framework, specifically by adding them to the right-hand side of Equation 11. Given the monomer properties (shape and transition charge distribution), configurational space diagrams similar to Figure 3 can then be readily drawn to help connect the T-dependent peak shift with packing conditions. It is expected that these additional non-dipolar contributions allow a more robust and direct way to explore the novel T-dependent spectroscopic properties.
Next, to account for the non-dipolar couplings, the Spano group has also introduced a shorthand notation for these systems with two letters such as JJ-, HJ-, JH-, and HHaggregates, with each of the letters referring to the dipolar and the non-dipolar contributions, respectively. In cases that the two contributions are of opposite signs and similar magnitudes, ''null aggregates'' with vanishing monomer-aggregate shifts arise. 22 In the current context with pure dipolar interactions, analogous situations also exist and correspond to the lines separating the J-(red and orange) and the H-aggregates (green and blue) in Figure 3 , where the sum of the long-and shortrange contribution vanishes. Generally speaking, an HJ-aggregate could be an overall J-or H-aggregate, depending on the relative strength of the two contributions. It could also be redshifting or blueshifting, depending on the sign and magnitude of the short-range dipolar term. Thus, there is no one-to-one correspondence between the HJ-notation system and the current framework despite similarities at the first sight. This is with the exception of JJ-(HH-) aggregates that cannot possibly be H-(J-) aggregates.
Finally, we note that the complexity of our analysis scales quadratically with the number of transitions involved per unit cell. However, the generic consideration of separating long-and short-range couplings remains a useful technique to determine packing conditions. In essence, the long-range part of Equation 9 can be generalized to cases with N transitions per unit cell, by explicitly constructing an N-by-N coupling matrix in the k-space. It is also worth mentioning that albeit we assume homogeneity in the current framework, we expect the framework to hold for cases with finite static disorder. This is because the short-range structures are more resilient to the influence of disorder, a known observation in the study of Anderson localization. 53 These topics are currently under our investigation.
Comparison to Experiments: Merocyanine Dye Monolayers
With the conceptual framework established, it is helpful to apply it to real systems. In Figure 4 , we study the T-dependent absorption peak width and shift of asymmetric merocyanine dye monolayers that have been characterized experimentally. 29 Three different dyes with similar structures are considered: MC(X) (X=O, S, or Se). While all three dyes form J-aggregate monolayers, it is most noteworthy that the MC(O) monolayer shows a different T-dependent trend compared to the other two. Specifically, the MC(O) monolayer absorption peak blueshifts with increasing temperature, an example of a 2D BJ-aggregate.
In Figure 4A , we show the 2D configurational space diagram of the MC(O) monolayer. While the lattice structure is similar to that adopted in Figure 3A with the transition dipole parallel to the molecular long axis, we find no configuration corresponding to an RH-aggregate. This is likely due to the nature of the transition charge distribution of the merocyanine dye molecules forbidding strongly negative short-range couplings. Consequently, the solid line corresponding to E ðsÞ b ðs; qÞ = 0 nearly overlaps with the boundary of RJ-aggregate configurational space. In Figures  4B and 4C , we show the comparisons between the experimental T-dependent line shapes of MC(O) and MC(S) monolayers and those from Equations 4 and 5. In both cases, we set q = 90 + , while the corresponding slip parameters are marked. While there are quantitative agreements between experiment and simulation in general, we find noticeable deviation of low temperature absorption width in the MC(S) case. This is attributed to the ad hoc treatment of sizable static disorder and will be addressed in our future work. 29 The excitonic coupling matrix element J n ! is calculated using the transition monopole method 60 and the lattice constants (a 1 ,a 2 ) = (14, 5) . The symbols mark the parameters used in Figures 4B and 4C.  (B) The T-dependent absorption width (blue circles) and shift (orange squares) of the MC(O) 2D aggregate. The symbols are data taken from experiments and lines are the results of Equations 4 and 5. The lattice parameters are (s,q) = (1.7, 90 + ), marked as the round dot in (A). The phonon bath is described by an Ohmic spectral density with u c = 1,000 cm À1 and l = 3,700 cm À1 . An inhomogeneous broadening of magnitude 110 cm À1 is added to the absorption width. (C) The T-dependent spectral trends for the MC(S) 2D aggregate, with lattice parameters (s,q) = (3.2, 90 + ), marked as the cross in (A). An Ohmic bath with u c = 1,000 cm À1 and l = 1,400 cm À1 and an inhomogeneous gaussian broadening with width 350 cm À1 are used. The transition charge distributions for MC(S) and MC(Se) dyes are similar to that of the MC(O)'s (data not shown).
While the T-dependent peak shift reflects the sum total of the short-range couplings E ðsÞ b , it will be useful to spatially resolve the individual coupling terms on a given lattice. For this purpose, we introduce an approximate but illuminating model, the continuum brick model. Detailed in the Supplemental Information, this model essentially groups the transition dipole coupling within a rectangular brick of the continuum model and concentrates the coupling strength onto the corresponding lattice point. As such, the long-range couplings can be defined as
where A n ! is the area occupied by the n ! th rectangular brick and 4 is the azimuth angle of the transition dipole moment. Consequently, the residual, short-range couplings are
The results are presented in Figure 5 , where we take the MC(O) and the MC(S) monolayers examined above and apply Equations 12 and 13. We observe that J ðsÞ n ! (right panels) are indeed short ranged. Note that not only are the coupling magnitudes altered, but the signs of certain couplings are also flipped compared to the original, full couplings. Since both of them are J-aggregates, the summations over all bricks that define the monomer-aggregate peak shift are negative in both cases. For the MC(O) monolayer, a BJ-aggregate shown in Figure 5A , the short-range couplings defined in Equation 13 are dominantly positive, leading to E ðsÞ b >0. The opposite is true for the MC(S) monolayer, an RJ-aggregate shown in Figure 5B . This corroborates our prediction that the sign of the short-range couplings is the determining factor of the temperature-dependent peak shift.
It is possible to generalize the current framework to related excitonic systems. Firstly, by suitably accounting for the boundary condition, an expression similar to Equation 9 is derived for tubular aggregates that have received much attention recently, [17] [18] [19] 32, 39, 40, 42 which will be discussed extensively in our forthcoming work. Also, in addition to dye aggregates and crystals, systems with significant excitonic interactions including pigment-based metal-organic frameworks 54 and quantum dot superlattices 55 are possible examples for such extension as well. On the other hand, strong excitonic interactions do not necessarily assure a straightforward application of the current framework. For example, in conjugated polymers such as polythiophene, a blueshift of absorption peak with increasing temperature has been shown to result from the reduction of effective conjugation length in these systems at elevated temperatures. 56 Also, a recent experimental study of clean suspended MoSe 2 monolayers reports a redshift with increasing temperature. 57 While the monomer-aggregate peak shift is not well defined in these covalently bonded extended systems, we point out that the exciton band structures of direct bandgap 2D materials resemble those of RJ-aggregates in the current context, where the exciton dispersion bends upward with increasing momentum near k ! = 0. 58,59
Conclusions
We present a generalized conceptual framework for excitonic molecular systems based on an analysis of spectroscopic observables. In the framework, the original model of Kasha is expanded to include the T-dependent spectral shift in addition to the monomer-aggregate peak shift. Using standard spectral line shape theory, we explain the origin of a class of J-aggregates that blueshift with increasing temperature (BJ-aggregates) previously observed experimentally. In addition, another novel class of RH-aggregates, not yet reported to the best of our knowledge, is predicted together with configurations that might produce such cases. The T-dependent peak shift is directly related to the relative location of the bright state in the system DoS, which derives from the excitonic band structure. The usefulness of the generalized framework is most apparent when considering the direction of the T-dependent peak shift as a key observable, with the magnitude of the shift quantified by Equation 5 .
We further establish the connection between the excitonic DoS and the microscopic configurations, given the knowledge of both the monomer-aggregate and the T-dependent peak shifts. This is achieved by separating the contributions to the exciton band structure into long-and short-range coupling terms. The long-range contribution provides a smooth background for the DoS and is dictated by a single parameter q, the zenith angle between the transition dipole moment, and the z axis. On the other hand, the short-range contribution is the dominant factor in determining the direction of the T-dependent peak shift. Specifically, a net negative short-range coupling gives rise to a redshifting aggregate, whereas a net positive total short-range coupling leads to a blueshifting aggregate. Detailed analysis together with the knowledge of q further distinguish the conventional RJ-and BHaggregates into four classes depending on synergy between the short-and the long-range couplings.
Our generalized framework uses experimentally accessible information including T-dependent linear absorption and polarization-resolved spectroscopy and reveals microscopic configurations of 2D systems as in Kasha's original theory for 1D systems. Additional information can also be seamlessly integrated, such as the inclusion of non-dipolar interactions or charge-transfer (CT)-mixed contributions that alter the short-range coupling but decouple from the long-range part. Our work is useful in deciphering aggregate geometries that evade traditional high-resolution structure-determination techniques such as X-ray scattering and may provide a set of design principles for excitonic systems with desired spectroscopic properties.
EXPERIMENTAL PROCEDURES
Computational Method
Our consideration starts from the standard Frenkel exciton model
where E n ! and J n ! ;m ! are the site energy and the excitonic coupling, respectively, and j n ! i represents the state where the designated site is in the excited state while all other sites are in the ground state. By assuming the homogeneous limit and periodic boundary condition, i.e., E n ! = E 0 and J n ! ;m ! = J n ! Àm !, the location of the bright state is given by 
While E b indicates the location of the bright state when the molecule is in isolation, the phonon environment of the excitons broadens and shifts absorption line shapes. This environment is represented by a distribution of harmonic oscillators coupled to the excitons. We adopt the standard Redfield description of the exciton-phonon interaction, detailed in the Supplemental Information. We further assume the secular and Markovian approximations. In the former, we assume that the phonon-induced population relaxation is the dominant dephasing process, while in the latter the phonon environment is taken to be relaxing faster than the excitonic system. This method has been shown to properly account for linear absorption line shapes of excitonic molecular aggregates in most circumstances. 44 The line shape of the bright state is given by a Lorentzian function [44] [45] [46] [47] AðEÞ = 1 where J ðbÞ ðEÞ is the bath spectral density and ‾ n BE ðEÞ is the Bose-Einstein distribution. P stands for the Cauchy principal value of the integral. W 0 and S 0 are the T-independent components detailed in the Supplemental Information. While Equation 4 has been obtained by Heijs et al. 48 and utilized to explain the power-law scaling of T-dependent absorption line width, Equation 5 is the main focus of the current contribution.
A few comments are due in connecting the above formulation to experimental observables. Firstly, Equation 3 describes a peak located at E b + S(E b ) with a full width at half maximum W(E b ). Secondly and most importantly, while the width W monotonically increases with increasing temperature, the sign of the T-dependent peak shift is dictated by the relative abundance of system DoS to the higher and the lower energy side of the bright state, weighted by the bath spectral density and phonon thermal occupation numbers. This is owing to the asymmetry of the dependence on energy gap E À E' in Equation 5. More specifically, this expression predicts that DoS higher in energy than the bright state effectively pushes it away, inducing a redshift with increasing temperature, whereas DoS lower in energy than the bright state induces a blueshift with increasing temperature. We note that this is similar to the effects of static disorder, as is discussed in our earlier paper, where the second-order correction to the system eigenstate energy is 42
where V(T) is the system part of the system-bath interaction averaged over the thermal distribution of the bath, a monotonically increasing function of T. As mentioned, this expression gives a naive but intuitive connection between the phonon-induced peak shift and the system DoS. This effect is additive, as the net T-dependent peak shift is determined by whichever side has a larger weighted system DoS in Equation 5. In cases where the DoS is differentiable, this leads to the notion that the absorption peak redshifts with increasing temperature if the slope of the DoS is pos- We further note that our method does not take full account of the line shape of the absorption peaks such as vibronic progressions, which can be useful to retrieving microscopic information. 15 While such consideration warrants a separate report, in a zeroth order picture, we predict that the mean position of a progression shifts according to the same fashion described above. In general, the peak shift discussed in the current work can be seen as a renormalization of excitonic couplings by exciton-phonon interactions. It is expected that nontrivial vibronic structures might quantitatively change this picture. In addition, we note that nonlinear spectroscopies that take into account diverse relaxation pathways provide further information still. 14 
